INTRODUCTION
A range of evidence suggests that widespread ice deposition and local ice flow occurred in the northern mid-latitudes (30°-50°N) of Mars during its history. Evidence includes morphological indicators of ice accumulation and flow (e.g., Squyres, 1979; Lucchitta, 1981; Head et al., 2005 Head et al., , 2006a Head et al., , 2006b Head et al., , 2010 , remnant ice underlying pedestal craters (e.g., Kadish et al., 2010; Kadish and Head, 2014) , and radar observations of buried glacial ice in the subsurface (Holt et al., 2008; Plaut et al., 2009) . Among the midlatitude glacial landforms are features mapped as lineated valley fill, lobate debris aprons, and concentric crater fill. The evidence that these features formed from deposition of snow and ice, which accumulated and flowed (as opposed to ice-assisted creep of debris) was described in Head et al. (2010) and Levy et al. (2010) . After glacial flow, most of these landforms underwent postglacial modification and ice loss due to sublimation and formation of a debris cover (e.g., Fastook et al., 2014) . The morphology, distribution, and abundance of these different glacial features vary geographically in the northern midlatitudes, just as individual glaciations on Earth produce different styles (e.g., valley glaciers, regional ice sheets, plateau glaciation) (e.g., Denton and Hughes, 1980; Boulton et al., 1985) .
Most of these northern mid-latitude glacial deposits are at latitudes where surface and ground ice is currently unstable (Mellon and Jakosky, 1995) . At current obliquity, on flat topography, martian ground ice is generally stable only poleward of ~45° (Mellon and Jakosky, 1995; Aharonson and Schorghofer, 2006) . Nonetheless, various observations point to ice remaining present in the shallow subsurface equatorward of this boundary (Plaut et al., 2009; Byrne et al., 2009) . This implies that the glacial deposits are relicts of past conditions, possibly from a different spin-orbit configuration (Mellon and Jakosky, 1995; Madeleine et al., 2009) . A major question for reconstructing the climate history and geological evolution of Mars is the timing and duration of the period when widespread ice accumulation in these regions was possible.
Earlier studies have focused on determining ages for individual units and features on the basis of their superposed crater population, reporting crater frequencies on glacial unit surfaces consistent with Middle to Late Amazonian ages of ca. 1 Ga to ca. 100 Ma (in the Hartmann, 2005 , isochron system) (Mangold, 2003; Levy et al., 2007; Morgan et al., 2009; Baker et al., 2010) .
Although useful, the interpretation of these crater retention ages is complicated by several factors: (1) the initial size of the superposed crater may differ depending on whether it penetrates into debris cover or ice (Kress and Head, 2008) ; (2) post-formation modification of craters may be continuous and ongoing (e.g., Mangold, 2003) ; and (3) there are few large craters to contribute to robust age determinations as a result of the relatively young ages of the deposits. Furthermore, due to deformation of the active debris-covered glacial surfaces, craters forming during glaciation may be destroyed, and the derived ages document the end of glacial activity at a location, rather than capturing the persistence of mid-latitude glaciation.
We therefore adopt a different strategy. We take two approaches to further constrain the chronology of ice deposition in the northern mid-latitudes. First, we examine all craters with diameter, D, ≥2.5 km between 30°N and 50°N to assess the number of fresh craters stratigraphically superposed on glacial deposits that lack the signature of subsequent glacial modification (e.g., Fig. 1A ). The number of these craters provides a bound on how recently ice deposition last occurred on a regional scale. Second, we mapped craters that formed when glacial deposits were already present, but underwent subsequent ice deposition on their interiors (e.g., Fig. 1B ). The population of these craters is a function of the time period when glaciation occurred in this area, although the derived period may not be continuous or globally synchronous. For convenience, we refer to craters in the first category as postglacial (interpreted to form after the last period of glaciation) and those in the second category as synglacial (interpreted to form during or between periods of glaciation).
MAPPING METHODS
To analyze the chronology of these deposits, we constructed uncontrolled global mosaics of data from the Mars Reconnaissance Orbiter Context Camera (CTX; see Malin et al., 2007) and Mars Odyssey Thermal Emission Imaging System visible (THEMIS VIS; see Christensen et al., 2004) . These mosaics were tiled into 15° × 15° regions and sampled at 18 m/pixel (px), which is the maximum resolution of THEMIS VIS data, and down sampled from the native resolution of CTX (~5 m/px). This provides more than sufficient resolution (>100 px) to
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recognize and classify the ≥2.5 km craters that are the focus of this study. All NASA Planetary Data System-released THEMIS and CTX data as of 31 January 2013 were included in the mosaics; together, these data cover 95% of the 30°-50°N region.
Using ArcMap (www.esri.com), glacial deposits were mapped at ~1:250,000 scale, although some unit boundaries and regions were mapped at a higher level of detail. To define glacial units, we follow the criteria in and Levy et al. (2010) . Typical characteristics of the features we interpret as glacial are: (1) accumulation zones in alcoves, or along crater or massif walls; (2) lobes of material extending downslope from these zones, often with ridges on their surface that can be parallel or transverse to flow. (3) Where flows interact with each other, or with topographic constrictions or openings, folding or deformation is common (attributed to differential ice velocity resulting from these interactions). (4) Pits or depressions are sometimes found on surfaces where differential sublimation may have occurred. (5) A distinctive, knobby surface texture is commonly visible on these surfaces at the scale of Mars Orbiter Camera or HiRISE (High Resolution Imaging Science Experiment) images. (6) Occasionally, moraines or trimlines associated with past glacial highstands are observed.
Mapping results based on applying these criteria are shown in Figure 2 . Consistent with earlier studies (Squyres, 1979; Head et al., 2010) , ice-rich deposits are concentrated in certain regions and longitudes, especially in northern Tharsis (Tempe Terrae) and northern Arabia (Deuteronilis Mensae). These areas were likely to have been favorable sites for glaciation as a result of having greater topographic relief. This topographic relief may have enhanced both accumulation and preservation of ice beyond what is typical for the latitude band as a whole.
Following this mapping, we used the Robbins and Hynek (2012) database of craters on Mars, which is complete to ≥1 km, to systematically examine all craters with D ≥ 2.5 km to determine if they had glacial deposits on their interior and/or if their ejecta superposed earlier glacial deposits (e.g., Fig. 1 ). For all mapped craters, we independently measured crater sizes using CraterTools (Kneissl et al., 2011) ; the relative median difference of our diameter measurements from the Robbins and Hynek (2012) measurements is 3.8%.
A buffered crater counting approach was used to determine the count area for crater statistics (Fassett and Head, 2008) . The buffered area in this study is the extent of ice-rich deposits in Figure 2 . For a crater to be included in the count, its rim has to be within one crater diameter of this region. The basis for this criterion is the observation that continuous ejecta deposits from craters on Mars characteristically extend at least one crater diameter from their rim (e.g., Melosh, 1989; Barlow, 2005) . The assumption here is that a stratigraphic relationship can be determined between the ice-rich unit and craters to a distance of at least one crater diameter beyond their rim.
Using this approach has two advantages over typical crater statistics derived from direct superposition. First, it expands the effective count area, because it takes advantage of the fact that large craters subtend more area than small ones, and stratigraphic determinations are possible over a greater region for large craters than for small ones. Second, this technique allows greater clarity when a large crater is superposed close to the boundary of the ice-rich material because the count area remains easy to define, despite the local burial of preexisting deposits of interest. Both we and others have verified that the buffered crater-counting methodology results in frequencies that are equivalent to more traditional crater counting approaches (Fassett and Head, 2008; Kneissl and Michael, 2013) .
RESULTS: TIMING AND PERSISTENCE
The geographic locations of craters that postdate and are interspersed with glacial units are shown in Figure 2 , along with the results of our mapping. We also report details of our crater classification in Table 1 .
Postglacial Craters
Within 1 crater diameter of the mapped glacial deposits, only 15 postglacial craters larger cial crater at 33°N, 118.5°E . The fresh crater lacks glacial fill, but its ejecta is superposed on a crater with preexisting interior glacial fill to its northeast (Mars Reconnaissance Orbiter Context Camera, CTX, image B21_017971 _2133). B: Example of 10 km synglacial crater, 32.5°N, 83.3°E. Ejecta from the central crater was deposited on concentric crater fill in neighboring craters, so ice must have been present when the central crater formed. Later deposition occurred in the central crater, implying that it formed during the period of recurring glaciation (CTX images G18_025317 _2122 and P17_007516 _2128). In both A and B, where the ejecta was deposited onto the surface of preexisting ice-rich crater fill, the surface texture is pitted and deformed, with a ropy and/or loopy appearance. This pitted texture is common where ejecta was deposited onto preexisting ice-rich units. We interpret this texture to be the result of ejecta impacting and disrupting glacial debris cover, possibly leading to local exposures of underlying ice. The surface was then modified by a combination of flow and sublimation, resulting in the observed texture. than 2.5 km were observed (Fig. 2) . Figure 3A is a plot of the crater size-frequency distribution of these postglacial craters. These data are consistent with an average age of 110 Ma using the Hartmann (2005) chronology. However, because the distribution of postglacial craters is not spatially random (see Fig. 2 ), this age is an average that masks real spatial variations in when glacial deposition terminated in particular locations. For example, in the 25°-80°E region, the largest postglacial crater we noted within 1 crater diameter of mapped glacial units was ~730 m, despite the fact that glacial deposits are common in this region. Even outside the defined buffer, in the whole of the 25°-80°E, 30°-50°N region, we noted only 2 craters larger than 2.5 km that are candidates to postdate the last episode of glaciation. This low density of craters gives limited statistics for estimating an absolute age, but is consistent with ice accumulation in this region as recently as 20-50 Ma, an age in accord with suggestions based on the density of small superposed craters on the youngest glaciated surface (e.g., Hauber et al., 2005; Baker et al., 2010 ). Glaciation appears to have occurred less recently in regions such as Acidalia Planitia, Tempe Terra, and Utopia Planitia, where a greater concentration of postglacial craters is observed.
Synglacial Craters
We refer to craters that superpose preexisting glacial deposits and that were subsequently modified by later accumulation on their interior as synglacial (meaning they formed during the period of recurring ice age conditions on Mars). In the northern mid-latitudes, we found 119 synglacial craters within 1 crater diameter of another exposed glacial deposit larger than 2.5 km. Because growth of a crater population is a relatively slow process, the comparatively large number of craters in this category provides strong evidence that glacial units remained preserved at the surface for an extended period of time, and that the period over which glacial episodes occurred was long. The combined synglacial and postglacial population gives an age of ca. 700 Ma in the Hartmann (2005) chronology (Fig. 3B) , which implies that ice was at these locations for at least ~600 m.y. (from the ca. 700 Ma model age of the combined population to the ca. 100 Ma model age of the postglacial population). Using the Neukum production function (Ivanov, 2001) , this period would be ~1.2 b.y., from 1.4 Ga to 210 Ma. The factor of two difference in age is a result of the systematic difference between the Hartmann (2005) and Neukum (Ivanov, 2001 ) models, but does not affect any of our qualitative results.
Because the stratigraphic relationship used to recognize synglacial craters may be destroyed as the surface evolves, this estimated period is a minimum duration. Morever, this technique aggregates craters that formed across an epoch when glaciation may have occurred multiple times, and it cannot distinguish continuous glaciation from multiple independent glacial eras during which previously emplaced deposits survived. Regardless of these limitations, our data indicate that a period, or multiple periods, of glaciation occurred over an extended period in the Middle to Late Amazonian in the northern mid-latitudes of Mars.
SUMMARY AND CONCLUSIONS
This evidence for a long-lived era of recurring ice ages in broad areas of the northern mid-latitudes of Mars is consistent with earlier measurements in specific locales (e.g., Head et al., 2005 Head et al., , 2006a Head et al., , 2006b Hauber et al., 2005 Hauber et al., , 2008 Levy et al., 2007 Levy et al., , 2010 . This work, however, represents the first integrated calculation of the period of time when deposition of ice and glaciation across the northern mid-latitudes occurred.
Although some ice has been lost since the glaciation was at its maximum extent (e.g., Dickson et al., 2008; Hauber et al., 2008) , the persistence of ice in the martian mid-latitudes is striking, as is the fact that ice remains present in the near subsurface (Holt et al., 2008; Plaut et al., 2009 ), even at latitudes where it is not in diffusive equilibrium with the atmosphere (Mellon and Jakosky, 1995) . Coupled with the fact that deposition of ice in the mid-latitudes is favored at higher obliquity than present (~35°; Madeleine et al., 2009 ), these observations suggest that the average or typical past climate state during the Middle to Late Amazonian was different from today. Otherwise, the glacial deposits described here and elsewhere (e.g., in the tropics, ; middle to high latitudes, Kadish et al., 2010; Kadish and Head, 2014) could not have taken place over such an extended period of time.
These results are also consistent with the recent obliquity of Mars being lower than is typical, in comparison to the long-term average 10 −5 A m a z o n i a n -H e s p e r i a n b o u n d a r y E a r l y A m a z o n i a n A m a z o n i a n -H e s p e r i a n b o u n d a r y E a r l y A m a z o n i a n ; in our mapping, 0.35 × 10 6 km 2 (~2%) is covered by glacial units (crater fill, valley fill, debris aprons). The total number of craters in these latitudes (A) is from Robbins and Hynek (2012) . More than 35% of the craters with diameter ≤2.5 km in these latitudes have glacial fill on their interior (B). Many of the craters without ice (in A but not B) predate glaciation (e.g., were degraded and lacked steep slopes allowing substantial accumulation). Only a small percentage of fresh craters are unmodified by ice and located in the broad region where glaciation was common (C). Not all of these craters need to postdate the last glacial episode; some may not have undergone much modification. Thus, we use the statistics (Fig. 3) of postglacial (D) and synglacial craters (E) that have a clear stratigraphic relationship with the glacial material, and are within one crater diameter of the mapped glacial units, to constrain the period of glaciation.
over much of the Middle to Late Amazonian. This supports Laskar et al.'s (2004) statistical prediction that the long-term average obliquity on Mars (~35° during the past 250 m.y., ~38° over the past 4 b.y.) was higher than its present value (~25°).
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